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Astrophysical flux and flavor measurements

1. Introduction

The discovery of a diffuse flux of high-energy astrophysical neutrinos by the IceCube Neutrino
Observatory [1] has opened a new era in multi-messenger astrophysics. These neutrinos are believed
to be produced in hadronic interactions within powerful cosmic accelerators such as active galactic
nuclei or supernovae. Measuring the properties of this flux — including its energy spectrum and
flavor composition — provides critical insight into the origin of high-energy cosmic rays and probes
neutrino physics over cosmological distances. Therefore, several analyses have been performed in
various channels within IceCube collaboration to measure both the astrophysical neutrino energy
spectrum [2–8] and the flavor composition [9–13].

The IceCube detector is a cubic-kilometer neutrino observatory located at the South Pole,
instrumented with 5,160 digital optical modules (DOMs) deployed along 86 vertical strings. It
detects neutrinos by observing Cherenkov light from charged secondary particles produced in
neutrino interactions with the Antarctic ice. Events are categorized as either track-like or cascade-
like based on their topology. Track events arise primarily from muons produced in 𝜈𝜇 charged-
current (CC) interactions, and provide excellent angular resolution of ~1.5 degree [2, 6]. In
contrast, cascade events originate from CC interactions of 𝜈𝑒 and 𝜈𝜏 along with neutral-current
(NC) interactions of all flavors. Cascades yield a largely flavor-inclusive signature and achieve an
excellent energy resolution of about 7% at around 100 TeV. The two topologies are complementary
in reconstructing the full astrophysical neutrino flux.

In this work, we present an updated measurement of the astrophysical electron and tau neutrino
flux using 11 years of cascade data from IceCube, including fits to both single and broken power-law
models. We further introduce a method for identifying tau neutrino events using the double cascade
signature of 𝜈𝜏 CC interactions. The resulting high-purity 𝜈𝜏 sample enables enhanced sensitivity to
the flavor composition of diffuse neutrino flux. We evaluate expected flavor constraints by combining
this tau-enriched cascade sample with IceCube’s northern track sample [5], demonstrating the power
of a joint analysis across event types.

2. Astrophysical Neutrino Flux Measurement

In this work we extend the 6-year IceCube cascade analysis [7] to an 11-year dataset (2010–2020),
update the ice model [14, 15] used for event simulation and reconstruction, and refine the treatment
of systematic uncertainties. Considering both single and broken power law parameterizations of
the astrophysical neutrino flux, we adopt the same binning scheme and fitting framework as [7],
and perform a maximum-likelihood fit with an updated effective likelihood[16] that propagates the
statistical uncertainty of the Monte Carlo (MC) datasets. This procedure yields the most up-to-
date measurement of the diffuse astrophysical neutrino flux in the cascade channel, with markedly
reduced uncertainties, as shown in Sec. 4.1.

After recalibration of the DOM efficiencies by the IceCube Collaboration, the datasets used
here were reprocessed, yielding the “pass2” datasets [17]. We verified, during unblinding, that the
original selection cuts and Boosted Decision Tree (BDT) classifier from 6-year Cascade analysis
still delivers excellent data–MC agreement: a binned 𝜒2 goodness-of-fit test yields a p-value of 0.50,
indicating no significant discrepancy. This selection is applied to the full 11-year data and classifies
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data into three topological classes—cascades, starting-tracks, and through-going tracks. Cascades
constitute the astrophysical-neutrino signal sample, starting-tracks provide the atmospheric-neutrino
background control sample, and through-going tracks supply the atmospheric-muon background
control sample.

With this selection, the number of events in cascade sample increases from roughly 4,800 in
the 6-year study to more than 14,000.1 The Combined Fit analysis [8] incorporates the cascade and
starting-track samples presented here, but substitutes our track sample with a Northern-sky track
sample [5], yielding tighter control of the atmospheric-muon background. In addition, the two
studies rely on independent Monte-Carlo simulations and distinct fitting frameworks.

The modeling of ice optical properties, such as scattering lengths, absorption lengths, and hole-
ice properties, have been refined [14, 15]. Using the updated SPICE-3.2.1 model, angular resolution
for high-energy cascades (𝐸cascade > 100 TeV) improves to about 5◦. A unified, model-independent
parameterization of the hole-ice properties [18], governed by two parameters 𝑝0 and 𝑝1, now affords
a consistent treatment of uncertainties associated with the refrozen columns surrounding DOM.

Atmospheric neutrinos are often accompanied by atmospheric muons that can trigger the veto
system—a self-veto that biases a neutrino-only simulation toward higher rates. While the 6-year
Cascade analysis used an earlier version of self-veto passing rate calculator [19] for a per-event
event weight correction, an updated version is now implemented which (i) derives parent spectra
from cosmic-ray interactions, (ii) incorporates stochastic muon-energy losses, and (iii) enables
systematic-uncertainty studies of fractions of atmospheric neutrinos passing the selections [20].

Finally, to propagate MC statistical uncertainties in each analysis bin we replace the usual
Poisson likelihood with an effective likelihood [16]. According an Asimov profile log-likelihood
scan, this choice broadens the profile log-likelihood contours slightly: the 1𝜎 uncertainties on the
spectral index 𝛾𝐴𝑠𝑡𝑟𝑜 and flux normalization Φ0 of astrophysical neutrino flux each increase by
about 5%, while the best-fit values remain unchanged.

3. Astrophysical Flavor Measurement

The flavor composition of the astrophysical neutrino flux is a fundamental observable in
neutrino astronomy. While neutrinos are produced in flavor-specific processes at their sources,
propagation over cosmological distances leads to mixing through neutrino oscillations. For standard
neutrino production via pion decay in sources, an initial flavor ratio of (𝜈𝑒 : 𝜈𝜇 : 𝜈𝜏) = (1 : 2 : 0)
is expected to evolve to approximately (1 : 1 : 1) at Earth and assumed in Section 2. Measuring
this flavor composition provides a test of standard oscillation physics and serves as a probe of the
underlying neutrino production mechanisms.

In IceCube, flavor separation is challenging because multiple neutrino flavors can produce
similar topologies. Muon neutrinos are efficiently identified by their long track-like signatures,
while electron and tau neutrinos typically yield cascade-like events that are difficult to distinguish.
However, tau neutrinos interacting via charged-current processes can exhibit a distinct double

1The apparent mismatch between the livetime scaling (11/6≃1.8) and the event–count scaling (14 000/4 800≃2.9)
comes from the way season 2010 and 2011 were handled in the 6-year analysis. That study retained only 113 very-high-
energy cascades from those two years. If we compare events rate of this analysis (14000/11) and events rate of season
2012 to season 2015 (4700/4), they are consistent to each other.
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cascade signature: one cascade at the interaction vertex and another from the tau decay. This
topology becomes resolvable when the tau decay length exceeds ∼10 meters, typically at energies
above several tens of TeV. The decay length is strongly correlated with the tau energy via 𝐿𝜏 ≈
49.5 m × (𝐸𝜏/1 PeV), making spatial separation a powerful handle for identifying 𝜈𝜏 events.

3.1 Double Cascade Selection

The cascade dataset provides a sample largely free of penetrating muon tracks, making it well-
suited for identifying double-cascade topologies from 𝜈𝜏 CC interactions, where a tau lepton is
produced and promptly decays. About 83% of tau decays yield hadronic or electronic final states that
can form a visible second cascade; the remaining∼17% are muonic and exhibit track-like topologies
not targeted in this analysis. The dominant background consists of cascade-like events from 𝜈𝑒 CC
and NC interactions of all flavors, as well as starting-track events from 𝜈𝜇 CC interactions.

To identify double cascade 𝜈𝜏 events, we follow a reconstruction-based approach similar to
previous IceCube analyses [9, 10], using the Taupede algorithm [21], which fits the energies
and positions of two spatially separated cascades. This analysis uses updated simulations and
reconstructions incorporating the latest ice modeling results [22]. Two key observables—tau decay
length and energy asymmetry defined as: 𝐴 = (𝐸1 −𝐸2)/(𝐸1 +𝐸2)—provide strong discrimination
between true double cascade events and backgrounds. A set of initial selection cuts ("precuts")
are applied to suppress low-energy and poorly resolved events while preserving signal efficiency.
These include a minimum reconstructed energy of 104.5GeV, a decay length threshold of at least
10 meters, and containment conditions that require the interaction and decay vertices to be within
the instrumented volume and outside the dust layer region2. Following the precuts, two Boosted
Decision Trees (BDTs) are used to enhance signal purity: the first targets single-cascade backgrounds
(e.g., 𝜈𝑒 CC and NC events), and the second rejects starting-track backgrounds from 𝜈𝜇 CC
interactions. The BDTs are trained on variables from both single and double cascade reconstructions,
with the most important inputs including the log-likelihoods under each hypothesis, decay length,
energy asymmetry, individual cascade energies, and total recorded charge.

After applying the precuts and optimized BDT selections, we obtain a 𝜈𝜏-enriched double
cascade sample with an estimated event rate of approximately 0.6 per year. The sample has a 𝜈𝜏

purity of about 90%, defined as the fraction of selected events originating from true 𝜈𝜏 interactions.
Among these, 99% exhibit a double cascade topology and 82% have a true tau decay length
exceeding 10 meters as shown in Figure 1b. The weighted mean reconstruction error on the tau
decay length for selected 𝜈𝜏 events is approximately 4 meters.

This analysis builds on and improves on previous tau neutrino searches in IceCube. Compared
to earlier straight-cut based analyses like High-Energy Starting Events (HESE) [10, 12] and Medium
Energy Starting Events (MESE) [13], which applied fixed thresholds on reconstructed variables, our
BDT-based selection achieves a higher signal-to-background ratio and selection efficiency, yielding
improved 𝜈𝜏 purity over the 70% reported in MESE. In contrast to the convolutional neural network
(CNN)-based double pulse analysis [11], which does not provide a reconstructed event topology
or a flavor composition measurement, our approach yields a similarly high-purity sample with the

2The dust layer refers to a 100 m thick region of glacial ice located at a depth of approximately 2000 m in the
IceCube detector, characterized by an enhanced concentration of dust, which reduces optical clarity and degrades photon
propagation, affecting event reconstruction quality.
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added benefit of full topological reconstruction. These improvements make the selected sample
suitable for use in likelihood-based flavor composition analyses.

(a) Event rates for each neutrino flavor after succes-
sive selection steps in one year of simulation.The x-
axis labels indicate the cut levels, where Energy cut
and Length cut are reconstructed energy and tau decay
length cut that are part of precuts. We achieve a signal
to background ratio of about 9 to 1 after all cuts.

(b) Selection efficiency and purity ratio for long double
cascade (𝐿𝜏 > 10 m) 𝜈𝜏 events at each cut level.
Efficiency is defined as the fraction of long double
cascade events surviving relative to the initial sample,
and the ratio is the fraction of such events among all
events at each level.

Figure 1: Backgrounds from 𝜈𝑒 and 𝜈𝜇 are suppressed while maintaining a high-purity 𝜈𝜏 sample.

3.2 Analysis Method

The complete cascade data set is divided into two exclusive subsets: the 𝜈𝜏-enriched sample
that passes the double cascade selection and the remaining single cascade events. This separation
ensures no overlap between the two cascade-based inputs. To evaluate sensitivity to the astro-
physical neutrino flavor composition, we perform a binned likelihood analysis combining three
complementary event samples: the 11 years 𝜈𝜏 enriched double cascade sample, the 11 years single
cascade sample, and a 9.5 years northern sky track sample [23] dominated by 𝜈𝜇 CC events with
well-reconstructed muon tracks. Reconstructed neutrino energy and zenith angle histograms from
each sample are used in the fit. The flavor composition is parameterized by the electron and tau
neutrino fractions at Earth, ( 𝑓𝑒, 𝑓𝜏), with the muon neutrino fraction given by 𝑓𝜇 = 1 − 𝑓𝑒 − 𝑓𝜏 .
These two parameters are included as free variables in the likelihood fit. In addition, the fit includes
nuisance parameters accounting for uncertainties in the astrophysical neutrino flux, including its
normalization and spectral index, as well as detector systematics such as DOM efficiency and ice
properties, following the same configuration used in the flux measurement as described in Section 2.

4. Results

4.1 Astrophysical Flux Measurement

Detailed results are presented in Ref. [24]. For a single power law hypothesis the per-flavor
astrophysical neutrino flux is parameterized as

Φ
𝜈+𝜈̄, 𝑝𝑒𝑟 𝑓 𝑙𝑎𝑣𝑜𝑟
𝐴𝑠𝑡𝑟𝑜

(𝐸𝜈) = Φ0 × 10−18
(

𝐸𝜈

100 TeV

)−𝛾𝐴𝑠𝑡𝑟𝑜

GeV−1 cm−2 s−1 sr−1, (1)

where Φ0 is the normalization and 𝛾 the spectral index. The best-fit values are

Φ0 = 1.83 ± 0.21, 𝛾𝐴𝑠𝑡𝑟𝑜 = 2.58 ± 0.06. (2)
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Figure 2 compares our result with other IceCube measurements: the previous Cascades [7],
the Combined Fit [8], HESE [2], MESE [4], northern-sky track [5], starting track [3], and the
inelasticity analysis [25]. Our measurement is compatible with all channels. It agrees with the
earlier Cascade result within 1𝜎 confidence interval and benefits from smaller uncertainties thanks
to nearly twice the statistics and an improved treatment of systematics. Because this analysis shares
an identical astrophysical neutrino single cascade experiments data sample with the Combined Fit
while using different atmospheric-muon control samples, simulation sets, and fitting framework,
the close overlap of their contours in Fig. 2 confirms that the two results are fully consistent and
therefore serve as strong mutual validations. The smaller contour size reported in [8] stems from a
tighter constraint on the atmospheric-muon background achieved by incorporating the northern-sky
track sample.

Motivated by the use of a broken power law model [4], and by the data excess around 30 TeV
[24] that appears under a single power law fit, we also fit a broken power law spectrum:

Φ𝑥 (𝐸𝜈) = Φ𝑏 × 10−18

(
𝐸𝜈/𝐸𝜈,break

)−𝛾𝐴𝑠𝑡𝑟𝑜,1 , 𝐸𝜈 ≤ 𝐸𝜈,break,(
𝐸𝜈/𝐸𝜈,break

)−𝛾𝐴𝑠𝑡𝑜𝑟,2 , 𝐸𝜈 > 𝐸𝜈,break,
GeV−1 cm−2 s−1 sr−1, (3)

with best-fit parameters

Φ𝑏 = 1.72+0.37
−0.27, log10

(
𝐸𝜈,break/GeV

)
= 4.41+0.13

−0.08, 𝛾𝐴𝑠𝑡𝑟𝑜,1 = 0.70+1.05
−0.70, 𝛾𝐴𝑠𝑡𝑟𝑜,2 = 2.83 ± 0.12.

(4)
Figure 2 juxtaposes our contours with the MESE result obtained under the broken power law

spectral assumption and shows that the two measurements are consistent. MESE constrains the
low-energy spectral index more tightly but produces a broader contour for a single-power-law model
because the two analyses have different sensitive energy ranges [4, 24]. As illustrated at the bottom
panel of Figure 3, the broken power law provides a better description of the data, especially around
30 TeV, as compared to the single power law. A binned 𝜒2 goodness-of-fit test yields 𝜒2

SPL = 119.7
for the single power law and 𝜒2

BPL = 97.0 for the broken power law, underscoring the latter’s superior
fit; a detailed discussion of this preference and of the 30 TeV excess can be found in Ref. [24].

4.2 Flavor Composition Sensitivity

The sensitivity of the combined dataset to the flavor composition is evaluated using an Asimov
dataset constructed under the standard oscillation scenario with ( 𝑓𝑒 : 𝑓𝜇 : 𝑓𝜏) = (1 : 1 : 1) at
earth using parameters calculated from [26]. The resulting confidence regions in flavor space are
visualized using a flavor triangle plot in Figure 4, with contours corresponding to 68% and 95%
confidence levels. The inclusion of our double-cascade 𝜈𝜏 sample enhances sensitivity to the 𝜈𝜏

fraction beyond that achieved by analyses using only cascade and track samples [12], and reaches a
comparable precision to previous double-cascade-based studies [12, 13].

5. Conclusion

We report two complimentary studies of the diffuse astrophysical neutrino flux in the cascade
channel. The most up-to-date measurement results of the diffuse astrophysical neutrino flux, based
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Figure 2: Comparison of best-fit contours for single (left) and broken power-law (right) models with results
from other IceCube channels.

Figure 3: Top: Energy distribution of the single cas-
cade 11 year data and MC flux components, assum-
ing BPL model for astrophysical neutrinos. Bottom:
Data/MC ratio for SPL and BPL models, highlight-
ing the improvement around 30 TeV.

Figure 4: Projected 11 years sensitivity to astro-
physical neutrino flavor composition at Earth, shown
as 68% and 95% confidence contours for SPL and
BPL models. Black markers denote expected flavor
compositions at Earth for common source scenarios.

on 11 years of IceCube data, is reported, which are consistent with those obtained by other IceCube
analyses. Data favors a broken power law spectrum over a single power law, a preference driven
largely by the 30 TeV excess that emerges under the single power law hypothesis.

In addition, this work demonstrates the capability of IceCube’s latest reconstruction and simu-
lation tools—incorporating updated ice modeling—to enable flavor-sensitive astrophysical neutrino
analyses. By identifying well-reconstructed double cascade 𝜈𝜏 events with high purity and accu-
rate decay length reconstruction, we achieve a strong signal-to-background ratio and high-quality
input for flavor composition studies. Combining this tau-enriched sample with cascade and track
datasets, we provide projected sensitivity to the astrophysical neutrino flavor composition at Earth.
The results show improved constraints on the 𝜈𝜏 fraction compared to analyses using only cas-
cade and track samples. This analysis framework strengthens the foundation for future precision

7



P
o
S
(
I
C
R
C
2
0
2
5
)
1
0
1
1

Astrophysical flux and flavor measurements

measurements of neutrino flavor with IceCube.
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